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Introduction {#jdi13164-sec-0005}
============

Diabetic nephropathy (DN) is a major microvascular complication in patients with diabetes and remains the leading cause of chronic kidney disease, accounting for approximately 50% of end‐stage renal diseases worldwide[1](#jdi13164-bib-0001){ref-type="ref"}, [2](#jdi13164-bib-0002){ref-type="ref"}. DN is triggered by sustained hyperglycemia, which drives the progression of chronic inflammation and renal injury[3](#jdi13164-bib-0003){ref-type="ref"}, [4](#jdi13164-bib-0004){ref-type="ref"}. Dialysis is inevitable when renal injury reaches an irreversible stage[5](#jdi13164-bib-0005){ref-type="ref"}. Therefore, early‐stage detection and proper treatment of the disease are critical.

Although strict glycemic control is reported to suppress the progression of DN[6](#jdi13164-bib-0006){ref-type="ref"}, [7](#jdi13164-bib-0007){ref-type="ref"}, there is no treatment to stop DN progression. Recently, mesenchymal stem cell (MSC) transplantation has received substantial attention as a therapy for DN. MSCs can differentiate into adipogenic and osteogenic cells[8](#jdi13164-bib-0008){ref-type="ref"}, and possess clinically useful properties, such as low antigenicity[9](#jdi13164-bib-0009){ref-type="ref"}, [10](#jdi13164-bib-0010){ref-type="ref"} and paracrine effects through cytokines[11](#jdi13164-bib-0011){ref-type="ref"}, [12](#jdi13164-bib-0012){ref-type="ref"}. In particular, adipose‐derived mesenchymal stem cells (ASCs) represent an attractive cell source owing to their abundance in the body[13](#jdi13164-bib-0013){ref-type="ref"}, [14](#jdi13164-bib-0014){ref-type="ref"}. In animal experiments on DN, intravascular administration of ASC suspensions was shown to suppress the progression of renal injury through the paracrine effect exerted by ASC‐derived cytokines[15](#jdi13164-bib-0015){ref-type="ref"}. However, intravascular administration of MSCs resulted in low engraftment to target organs, and whether the MSCs could completely adhere to the target organ remains uncertain; it also reportedly resulted in pulmonary thromboembolism and death[16](#jdi13164-bib-0016){ref-type="ref"}, [17](#jdi13164-bib-0017){ref-type="ref"}.

To improve the engraftment in target organs, we considered preparing the cell sheet technology for transplantation on temperature‐responsive culture dishes. Cell sheets do not require enzymatic or invasive processes, hence they can maintain cell--cell junctions, cell adhesion molecules and the extracellular matrix[18](#jdi13164-bib-0018){ref-type="ref"}. Therefore, it is possible to transplant MSC sheets, both at high density and with excellent engraftment efficiency. ASC sheets showed therapeutic effects in various models, such as those for myocardial infarction[19](#jdi13164-bib-0019){ref-type="ref"}, diabetic ulcers[20](#jdi13164-bib-0020){ref-type="ref"} and arterial injury[21](#jdi13164-bib-0021){ref-type="ref"}. However, their effect on the kidney has not yet been reported.

The purpose of the present study was to investigate the therapeutic effect of ASC sheets in DN. ASC sheets were transplanted directly into the kidneys of rats with DN, and the therapeutic effects were analyzed.

Methods {#jdi13164-sec-0006}
=======

Animals {#jdi13164-sec-0007}
-------

All experimental protocols were approved by the Animal Welfare Committee of Tokyo Women's Medical University School of Medicine, Tokyo, Japan. To generate DN model rats, 5‐week‐old male Spontaneously Diabetic Torii (SDT) fatty rats (SDT.Cg‐Leprfa/JttJcl) were used. SDT fatty rats form a spontaneously obese type 2 diabetes model, established by introducing the *fa* allele of Zucker (fatty) rats into the genome of SDT rats[22](#jdi13164-bib-0022){ref-type="ref"}, [23](#jdi13164-bib-0023){ref-type="ref"}. To isolate ASCs, 7‐week‐old male enhanced green fluorescent protein (EGFP) rats, strain SD‐Tg (CAG‐EGFP), were used.

Isolation and culture of ASCs {#jdi13164-sec-0008}
-----------------------------

ASCs were isolated as previously described[19](#jdi13164-bib-0019){ref-type="ref"}, [20](#jdi13164-bib-0020){ref-type="ref"}, [21](#jdi13164-bib-0021){ref-type="ref"}. Briefly, ASCs were isolated from subcutaneous adipose tissue surrounding the epididymis of EGFP rats. The isolated ASCs were cultured in Dulbecco's modified Eagle's medium (Life Technologies, Carlsbad, CA, USA) with 20% fetal bovine serum (Moregate Biotech, Bulimba, QLD, Australia), 100 U/mL penicillin and 100 mg/mL streptomycin (Sigma‐Aldrich, St. Louis, MO, USA) at 37°C in a 5% CO~2~ incubator. ASCs were subcultured at a density of 1.0 × 10^5^ cells/cm^2^ using 0.25% trypsin ethylenediaminetetraacetic acid (Life Technologies) every 3--4 days until passage 4. The isolated ASCs are shown in Figure [1](#jdi13164-fig-0001){ref-type="fig"}a.

![Schematic representation of the experimental procedure for transplanting adipose‐derived mesenchymal stem cell (ASC) sheets into diabetic nephropathy rats. (a) ASCs were isolated from epididymal adipose tissue of enhanced green fluorescent protein rats (scale bar, 30 μm). Macro image of fabricated ASC sheet: (b) bright field and(c) dark field. (d) The ASC sheets were directly transplanted into the kidney of a diabetic nephropathy rat model. (e) Macro image of the kidneys immediately after transplantation. Diabetic nephropathy rats (aged 7‐weeks‐old) were randomly divided into three groups. Urine samples were collected on 0, 7 and 14 days after transplantation, and rats were killed 14 days after transplantation. (f) Red line: after transplantation.](JDI-11-545-g001){#jdi13164-fig-0001}

Flow cytometry assay {#jdi13164-sec-0009}
--------------------

To evaluate surface marker expression on the MSCs, flow cytometry was carried out, as previously described[19](#jdi13164-bib-0019){ref-type="ref"}, [20](#jdi13164-bib-0020){ref-type="ref"}, [21](#jdi13164-bib-0021){ref-type="ref"}. For the detection of surface markers, fluorescein isothiocyanate‐conjugated antibodies, described in Table [S1](#jdi13164-sup-0001){ref-type="supplementary-material"}, were used. For the isotype control, antibodies described in Table [S2](#jdi13164-sup-0001){ref-type="supplementary-material"} were used. Cellular fluorescence was evaluated using a Gallios flow cytometer (Beckman Coulter, Tokyo, Japan), data were analyzed using Kaluza of the Gallios software (Beckman Coulter).

Fabrication of ASC sheets and ASC suspensions {#jdi13164-sec-0010}
---------------------------------------------

At the fourth passage, ASCs (1.0 × 10^6^ cells) were seeded in a temperature‐responsive 35‐mm culture dish (UpCell; CellSeed, Tokyo, Japan). The seeded ASCs were cultured in complete medium containing 82 μg/mL ascorbic acid (Wako, Osaka, Japan) for 48 h at 37°C in a CO~2~ incubator. To harvest the ASC sheets, the temperature in the CO~2~ incubator was lowered from 37°C to 20°C. Confluent ASCs were cultured for approximately 30 min and collected as ASC sheets. ASC suspension was prepared using ASCs from the fourth passage (6.0 × 10^6^ cells/mL). The dose of ASC suspension (per mL) was approximately the same as that used in the six ASC sheets.

Measurement of cytokines in the ASC sheet supernatant {#jdi13164-sec-0011}
-----------------------------------------------------

Cytokine level in the culture supernatant, during the formation of ASC sheets, was measured as follows. The culture supernatant was centrifuged at 300 *g* for 15 min at 4°C, and stored at −80°C. The frozen supernatant was thawed, and concentrations of bone morphogenetic protein‐7 (BMP‐7), epidermal growth factor (EGF), hepatocyte growth factor (HGF), insulin‐like growth factor‐1 (IGF‐1) and prostacyclin (PGI~2~) were determined using an enzyme‐linked immunosorbent assay kit (Table [S3](#jdi13164-sup-0001){ref-type="supplementary-material"}) according to the manufacturer's recommendations. The cytokine level was expressed as the average value measured in seven culture supernatants.

Creation of DN model rats and experimental design {#jdi13164-sec-0012}
-------------------------------------------------

Unilateral nephrectomy was expected to accelerate the progression of DN pathology in the SDT fatty rats. For the establishment of a DN rat model, 5‐week‐old rats were subjected to right nephrectomy under anesthesia.

To collect urine, the rats were housed in metabolic cages (SN‐781; Shinano Manufacturing Co. Ltd., Tokyo, Japan) for 24 h. Collected urine samples were centrifuged at 300 *g* for 15 min at 4°C, and a part of the urine sample was stored at −80°C until further use.

The DN rats (*n* = 21; 7‐weeks‐old) were assigned to three groups to compare the therapeutic effects (Figure [1](#jdi13164-fig-0001){ref-type="fig"}f) as follows: The back of the rat was incised, the left kidney was exposed and sham‐operated (sham group, *n* = 6).The groin area of the rat was incised, the femoral vein was exposed and 1 mL of the ASC suspension (6.0 × 10^6^ cells/mL) was administered through the femoral vein (ASC i.v. group, *n* = 7).The back of the rat was incised and the left kidney was exposed. Part of the renal capsule was peeled off using tweezers, under a microscope. ASC sheets harvested from temperature‐responsive culture dishes were laminated in three layers under the renal capsule using a cell sheet transfer device (the modified SWITL; Furukawa Kikou, Niigata, Japan), and the same operation was carried out by shifting the transplantation site. Six cell sheets were totally transplanted (ASC sheet group, *n* = 8).

At 0, 7 and 14 days after transplantation, urine samples were obtained. At 14 days after cell transplantation, the rats were killed and their kidneys excised. The excised kidneys were fixed in 4% paraformaldehyde (Muto Pure Chemicals, Tokyo, Japan) and prepared as paraffin‐embedded samples for histology.

Measurement of urinary biomarkers {#jdi13164-sec-0013}
---------------------------------

For determination of albuminuria, proteinuria and urinary creatinine levels, the samples were sent to Oriental Yeast Co. (Tokyo, Japan). For analyses of podocalyxin, liver‐type fatty acid binding protein (L‐FABP), kidney injury molecule‐1 (KIM‐1), tumor necrosis factor‐α (TNF‐α) and interleukin‐6 (IL‐6) levels, the frozen urine samples were thawed and their concentrations measured using an enzyme‐linked immunosorbent assay kit according to the manufacturer's instructions (Table [S4](#jdi13164-sup-0001){ref-type="supplementary-material"}). The levels of albumin, protein, podocalyxin, L‐FABP, KIM‐1, TNF‐α and IL‐6 were normalized to that of urinary creatinine.

Histological analysis {#jdi13164-sec-0014}
---------------------

For histological analysis, 3‐μm thick paraffin‐embedded kidney sections were cut using a microtome (Model 2255; Leica Microsystems, Wetzlar, Germany). The sections were then deparaffinized, dehydrated and stained with the periodic acid/Schiff base. The stained sections were evaluated using an optical microscope (Eclipse E800; Nikon, Tokyo, Japan).

Immunohistochemical analysis {#jdi13164-sec-0015}
----------------------------

To carry out immunohistochemical analyses, the paraffin sections were deparaffinized and dehydrated. The sections were antigen‐activated using an activation device. The activated sections were blocked using Dako REAL peroxidase blocking solution (S2001; Dako Corporation, Carpinteria, CA, USA) and Blocking One Histo (Nacalai Tesque, Kyoto, Japan). The blocked sections were stained with an anti‐green fluorescent protein polyclonal antibody (Invitrogen, Carlsbad, CA, USA) for 2 h at 20°C. After washing, the sections were stained according to the manufacturer's instructions using Dako REAL EnVision Detection System, Peroxidase/DAB+, Rabbit/Mouse (K5007; DAKO). The sections were then counterstained with hematoxylin, and evaluated under an optical microscope (Nikon).

Statistical analysis {#jdi13164-sec-0016}
--------------------

All values are shown as the mean ± standard error of the mean. For comparison among multiple groups, the results were analyzed using one‐way analysis of variance, followed by Tukey's multiple range test of JMP Pro 11.0.0 (SAS Institute, Cary, NC, USA). *P* \< 0.05 showed statistically significant differences between groups.

Results {#jdi13164-sec-0017}
=======

Characteristics of ASCs {#jdi13164-sec-0018}
-----------------------

The characteristics of ASC sheets were assessed by flow cytometry after inducing differentiation. Differentiated ASCs showed colony formation (Figure [2](#jdi13164-fig-0002){ref-type="fig"}a), adipogenesis (Figure [2](#jdi13164-fig-0002){ref-type="fig"}b) and osteogenesis (Figure [2](#jdi13164-fig-0002){ref-type="fig"}c). Flow cytometry, to evaluate cell surface marker expression, showed that the ASCs were positive for CD29 and CD90, and negative for CD11b, CD31 and CD45 (Figure [2](#jdi13164-fig-0002){ref-type="fig"}d--h). These results confirmed that ASCs possessed the characteristics of MSCs.

![Characteristics of adipose‐derived mesenchymal stem cell (ASCs). ASCs were confirmed on the basis of colony formation, adipogenesis and osteogenesis. (a) They were stained with crystal violet to confirm colony formation. (b) The fourth passage ASCs were stained with Oil Red O to detect adipogenesis (scale bar, 50 μm). (c) They were stained with alizarin red S to detect osteogenesis (scale bar, 50 μm). (d--h) Cell surface markers of mesenchymal stem cells were evaluated using flow cytometry. The surfaces of ASCs were positive for CD29 and CD90 and negative for CD11b, CD31 and CD45](JDI-11-545-g002){#jdi13164-fig-0002}

ASC sheets secreted renoprotective cytokines {#jdi13164-sec-0019}
--------------------------------------------

Cytokine levels in the supernatants of ASC sheets were determined. Renoprotective factors, such as BMP‐7, EGF, HGF, IGF‐1 and PGI~2~, were detected in the supernatants (Table [1](#jdi13164-tbl-0001){ref-type="table"}), indicating that the ASC sheets secreted renoprotective cytokines.

###### 

Cytokine levels in the adipose‐derived mesenchymal stem cell sheet supernatants measured using enzyme‐linked immunosorbent assay adipose‐derived mesenchymal stem cell sheets

  Cytokine         Levels
  ---------------- --------------
  BMP‐7 (pg/mL)    88.4 ± 33.3
  EGF (pg/mL)      230.1 ± 71.0
  HGF (ng/mL)      14.0 ± 2.3
  IGF‐1 (ng/mL)    21.9 ± 4.7
  PGI~2~ (pg/mL)   350.7 ± 80.5

Total *n* = 7. Data are presented as means ± standard error of the mean.

John Wiley & Sons, Ltd

ASC sheets improved kidney engraftment {#jdi13164-sec-0020}
--------------------------------------

Figure [3](#jdi13164-fig-0003){ref-type="fig"}a,b shows the kidney after 14 days of ASC sheet transplantation. EGFP and 3,3´‐diaminobenzidine immunostaining of the renal slices showed few EGFP‐positive ASCs in the kidneys of the ASC i.v. group. Compared with those in the i.v. kidneys, there were many EGFP‐positive ASCs under the renal capsule in the ASC sheet group (Figure [3](#jdi13164-fig-0003){ref-type="fig"}c,d). The morphological analysis suggested that our cell sheet technology improved ASC engraftment.

![Adipose‐derived mesenchymal stem cell (ASC) sheets directly transplanted into the kidney survived for 14 days. Macro image of the kidney 14 days after transplantation: (a) bright field and (b) dark field. Immunohistochemical image of the kidney 14 days after transplantation: (c) ASC i.v. group and (d) ASC sheet group (scale bar, 50 μm). GFP, green fluorescent protein.](JDI-11-545-g003){#jdi13164-fig-0003}

ASC sheets suppressed glomerular injury {#jdi13164-sec-0021}
---------------------------------------

Albuminuria and proteinuria were evaluated for 14 days after transplantation (Figure [4](#jdi13164-fig-0004){ref-type="fig"}a,b). At 14 days after transplantation, the levels of albuminuria were as follows: sham group 2.7 ± 0.4 mg/mg creatinine; ASC i.v. group 2.5 ± 0.4 mg/mg creatinine; and ASC sheet group 1.2 ± 0.2 mg/mg creatinine. The protein levels were as follows: sham group 11.0 ± 1.0 mg/mg creatinine; ASC i.v. group 10.5 ± 1.3 mg/mg creatinine; and ASC sheet group 6.5 ± 0.7 mg/mg creatinine. Glomerular injury parameters were significantly lower in the ASC sheet group than in the sham and ASC i.v. groups (*P* \< 0.05).

![Adipose‐derived mesenchymal stem cell (ASC) sheets suppressed glomerular injury. (a,b) Change in albuminuria and proteinuria after transplantation. White circles, sham group; black triangles, ASC i.v. group; white squares, ASC sheet group. (c) Urinary podocalyxin levels 14 days after transplantation. Data are presented as the mean ± standard error of the mean (*n* = 6--8/group); \**P* \< 0.05.](JDI-11-545-g004){#jdi13164-fig-0004}

Levels of urinary podocalyxin, which is a standard glomerular injury marker, were as follows (Figure [4](#jdi13164-fig-0004){ref-type="fig"}c): sham group 258.2 ± 33.2 ng/mg creatinine; ASC i.v. group 141.1 ± 29.1 ng/mg creatinine; and ASC sheet group 105.2 ± 16.6 ng/mg creatinine. The values in the ASC sheet group were significantly lower than those in the sham group (*P* \< 0.05), showing that ASC sheets suppressed the progression of glomerular injury.

ASC sheets suppressed renal tubular injury {#jdi13164-sec-0022}
------------------------------------------

At 14 days after transplantation, the renal cortex of each group was stained with periodic acid Schiff base (Figure [5](#jdi13164-fig-0005){ref-type="fig"}a--f). While the ASC sheet group maintained the renal tubular structures, the sham and ASC i.v. groups showed atrophy of the renal tubules, accompanied by a decrease in the number of renal tubular epithelial cells. At 14 days after transplantation, the levels of urinary L‐FABP and KIM‐1, general renal tubular injury markers, were measured (Figure [5](#jdi13164-fig-0005){ref-type="fig"}g,h). The levels of urinary L‐FABP were: sham group 238.2 ± 73.9 ng/mg creatinine; ASC i.v. group 136.0 ± 14.3 ng/mg creatinine; and ASC sheet group, 78.7 ± 9.5 ng/mg creatinine. KIM‐1 excretion levels were: sham group 2.4 ± 0.3 ng/mg creatinine; ASC i.v. group 1.7 ± 0.1 ng/mg creatinine; and ASC sheet group 1.4 ± 0.2 ng/mg creatinine. L‐FABP and KIM‐1 levels were significantly lower in the ASC sheet group than in the sham group (*P* \< 0.05), showing that ASC sheets suppressed the progression of renal tubular injury.

![Adipose‐derived mesenchymal stem cell (ASC) sheets suppressed renal tubular injury. The renal cortex of each group, 14 days after transplantation, was stained with the periodic acid/Schiff base. Representative images are shown. (a--c) Low magnification (scale bar, 500 μm). (d--f) High magnification (scale bar, 50 μm). (g,h) Levels of urinary L‐FABP and KIM‐1 14 days after transplantation. Data are presented as the mean ± standard error of the mean (*n* = 6--8/group); \**P* \< 0.05.](JDI-11-545-g005){#jdi13164-fig-0005}

ASC sheets suppressed chronic inflammation in the kidney {#jdi13164-sec-0023}
--------------------------------------------------------

The levels of urinary TNF‐α and IL‐6, which are general inflammatory cytokines, were estimated, as shown in Figure [6](#jdi13164-fig-0006){ref-type="fig"}. The urinary TNF‐α levels were as follows: sham group 169.0 ± 27.7 pg/mg creatinine; ASC i.v. group 141.9 ± 31.8 pg/mg creatinine; and ASC sheet group, 47.3 ± 6.7 pg/mg creatinine. The values in the ASC sheet group were significantly lower than those in the sham and ASC i.v. groups (*P* \< 0.01).

![Adipose‐derived mesenchymal stem cell (ASC) sheets suppressed chronic inflammation in the kidney. (a,b) Levels of urinary tumor necrosis factor‐α (TNF‐α) and interleukin‐6 (IL‐6) 14 days after transplantation. Data are presented as mean ± standard error of the mean (*n* = 6--8/group); \**P* \< 0.05.](JDI-11-545-g006){#jdi13164-fig-0006}

The levels of urinary IL‐6 were as follows: sham group 672.5 ± 147.8 pg/mg creatinine; ASC i.v. group 469.7 ± 65.5 pg/mg creatinine; and ASC sheet group 313.1 ± 35.7 pg/mg creatinine. The values were significantly lower in the ASC sheet group than in the sham group (*P* \< 0.05). Taken together, the results showed that ASC sheets suppressed the progression of chronic inflammation in the kidney.

Discussion {#jdi13164-sec-0024}
==========

In the present study, we showed that the direct transplantation of an ASC sheet into the kidney of a DN rat model improved engraftment efficiency as compared with intravenous infusion therapy of ASC suspension. The significant enhancement of transplanted cell survival observed with cell sheet transplantation therapy resulted in more effective suppression of glomerular and tubular injury in the DN rat model.

Several studies have reported that MSC transplantation suppresses kidney injury in diabetic animal models through regenerative mechanisms[15](#jdi13164-bib-0015){ref-type="ref"}, [24](#jdi13164-bib-0024){ref-type="ref"}. The primary route of renal function recovery is thought to be mediated by a paracrine effect exerted by transplanted MSCs[9](#jdi13164-bib-0009){ref-type="ref"}, [10](#jdi13164-bib-0010){ref-type="ref"}. However, with conventional transplantation methods, such as cell suspension infusion, the rate of engraftment in target organs is insufficient due to the lack of cell--cell connection. Therefore, the most critical problem has been to develop a new cell delivery method that improves the engraftment rate of transplanted cells. Instead of cell injection therapy, here, we have developed a cell sheet transplantation strategy, which directly delivers tissues containing two‐dimensionally connected cells. To harvest cell sheets, cells are seeded in special culture dishes called temperature‐responsive culture dishes, and are cultured until confluence[18](#jdi13164-bib-0018){ref-type="ref"}. Subsequently, without using conventional enzymatic treatments, cell sheets can be collected from the surface of the dishes while retaining intercellular adhesion and extracellular matrix, only by lowering the temperature. Furthermore, the biological adhesive proteins on the bottom of the cell sheet allow the cells to adhere to the target organs and improve the engraftment rate of the transplanted cells[25](#jdi13164-bib-0025){ref-type="ref"}. Indeed, cell sheet transplantation has reportedly improved the engraftment rate of transplanted cells compared with traditional transplantation methods. In addition, they enhanced the paracrine effect and also exerted a promising therapeutic effect in many studies targeting other disease models[19](#jdi13164-bib-0019){ref-type="ref"}, [20](#jdi13164-bib-0020){ref-type="ref"}, [21](#jdi13164-bib-0021){ref-type="ref"}. In the present study, as shown in Figure [3](#jdi13164-fig-0003){ref-type="fig"}, although EGFP‐positive ASCs were not detected in the ASC i.v. group 14 days after transplantation, they were detected in the ASC sheet group. This result clearly showed that the cell sheets are useful for cell delivery into the kidney, as well as into other organs, and that cell sheet transplantation therapies are widely applicable in regenerative medicine.

DN is triggered by cytotoxicity as a result of metabolic and hemodynamic effects of chronic hyperglycemia[26](#jdi13164-bib-0026){ref-type="ref"}, and progresses gradually accompanied by chronic inflammation[3](#jdi13164-bib-0003){ref-type="ref"}, [4](#jdi13164-bib-0004){ref-type="ref"}, which leads to glomerular and renal tubular injury. Early DN shows an increase in albumin excretion, a sign of glomerular filtration barrier dysfunction. Glomerular filtration barrier is primarily constituted by podocytes, glomerular basement membrane and glomerular endothelial cells[27](#jdi13164-bib-0027){ref-type="ref"}, [28](#jdi13164-bib-0028){ref-type="ref"}. When glomerular endothelial cells are damaged by hyperglycemia, cell adhesion factors, such as intercellular adhesion molecule 1, are expressed through an intracellular signal cascade, including nuclear factor‐κB transcription factor. They cause infiltration of blood circulating inflammatory cells, including macrophages, into glomeruli, which results in inflammatory cytokine release and renal injury progression. Furthermore, if DN progresses, not only glomerular endothelial cells, but also podocytes are injured. When severely impaired, podocytes undergo apoptosis and fallout from the glomerular filtration barrier[29](#jdi13164-bib-0029){ref-type="ref"}. Microstructural changes in the glomerular filtration barrier compromise the glomerular permeability, and in turn, more abundant quantities of albumin and protein are excreted in the urine as the disease progresses. In addition to the direct effect of hyperglycemia in renal tubules, tubular epithelial cells are injured by albumin and inflammatory cytokines leaked through the glomeruli[30](#jdi13164-bib-0030){ref-type="ref"}. In the present study, ASC sheet transplantation was capable of improving glomerular injury, decreasing urinary excretion of albumin, protein and podocalyxin[31](#jdi13164-bib-0031){ref-type="ref"}, [32](#jdi13164-bib-0032){ref-type="ref"}, the latter of which is one of the specific markers of podocyte injury. Additionally, ASC sheets suppressed the urinary excretion of L‐FABP[33](#jdi13164-bib-0033){ref-type="ref"} and KIM‐1[34](#jdi13164-bib-0034){ref-type="ref"}, which is indicative of renal tubule injury in DN, and improved morphological atrophy of renal tubular epithelial cells. Furthermore, ASC sheet transplantation was associated with decreased excretion of inflammatory cytokines, such as TNF‐α and IL‐6, into the urine, showing protective effects against the inflammatory changes caused by hyperglycemia[35](#jdi13164-bib-0035){ref-type="ref"}, [36](#jdi13164-bib-0036){ref-type="ref"}. Overall, ASC sheet transplantation is an exciting regenerative strategy for DN, which is thought to suppress the DN onset process through multiple mechanisms.

The renoprotective effects mentioned above are thought to be due to the paracrine effects of various trophic factors secreted from engrafted ASCs. In the present study, BMP‐7, EGF, HGF, IGF‐1 and PGI~2~ secretion was detected in the supernatant of ASC sheets; these factors are known to contribute to the improvement of kidney injury. BMP‐7 has been reported to suppress albuminuria and renal tubule injury by intraperitoneal administration to type 2 diabetes mice[37](#jdi13164-bib-0037){ref-type="ref"}. This study concluded that BMP‐7 exerts renoprotective effects by improving the inflammatory response in DN. Transplantation of bone marrow‐derived mesenchymal stem cells (BMMSCs) from the renal artery has been reported to suppress podocyte injury and excretion of protein in type 1 diabetes rats through secretion of BMP‐7[38](#jdi13164-bib-0038){ref-type="ref"}. Li *et al.* reported that co‐culture of h‐ASC‐conditioned medium with mouse podocytes exposed to hyperglycemia showed a renoprotective effect that was blocked by the EGF antibody. These results showed that EGF secreted from MSC is critical for the renoprotective process[39](#jdi13164-bib-0039){ref-type="ref"}. Next, HGF has also been reported to suppress the nuclear factor‐κB signaling pathway of various cells in injured kidney and has renoprotective effects by exerting anti‐inflammatory action[40](#jdi13164-bib-0040){ref-type="ref"}. Lv *et al.* [41](#jdi13164-bib-0041){ref-type="ref"} showed that intravenous tail injection of BMMSC into type 1 diabetes rats reduced expression of inflammatory cytokines, such as IL‐6 and TNF‐α, and infiltration of macrophages in the kidney through secretion of HGF. However, when BMMSCs were intravenously injected into a cisplatin‐induced acute kidney injury mouse model, the renoprotective effect was exerted by the proliferation of renal tubule cells[42](#jdi13164-bib-0042){ref-type="ref"}. However, the protective effect disappeared when BMMSC with IGF‐1 gene suppression was used. Thus, it is suggested that the renoprotective effect exerted by MSC is mediated through IGF‐1 secretion. Furthermore, Peng *et al.* [43](#jdi13164-bib-0043){ref-type="ref"} reported that intraperitoneal administration of PGI~2~ in type 2 diabetes rats inhibited the p38 mitogen‐activated protein kinases signaling pathway in kidney tissue, reduced inflammatory cytokines and suppressed excretion of albumin. Thus, numerous studies reported on various cytokines that show renoprotective action. Overall, these findings indicate that the renoprotective effect is the result of multiple combined factors.

ASCs are widely used as a cell source for regenerative medicine[20](#jdi13164-bib-0020){ref-type="ref"}, [21](#jdi13164-bib-0021){ref-type="ref"}. Many adipose tissues in the body offer ways for non‐invasive and simple collection. Although we initially considered the creation of ASC sheets using autologous ASCs, ASCs in hyperglycemic conditions have been reported to show reduced functional and therapeutic capacities compared with those under normal glucose conditions[44](#jdi13164-bib-0044){ref-type="ref"}. Furthermore, for the future industrialization, allogeneic cells are more convenient than autologous cells. Therefore, in the present study, we used allogeneic ASCs instead of autologous ASCs. Although transplantation of allogeneic cells might have a disadvantage regarding immune response, ASCs have been reported to have a high immune tolerance[9](#jdi13164-bib-0009){ref-type="ref"}, [10](#jdi13164-bib-0010){ref-type="ref"}. In the present study, we confirmed the survival of transplanted allogeneic cells until 14 days after transplantation. Therefore, we considered that the renal protective action mediated by the paracrine effect of the ASCs was successfully accomplished during their survival period, and allogeneic ASCs seemed to have contributed to the improvement of DN.

In summary, ASC sheet transplantation enhanced the engraftment efficiency and suppressed the progression of DN through multiple pathways of paracrine effects. The therapy protected the kidney structure at both the glomerular and tubular levels. In the future, we need to confirm long‐term efficacy by large animal experiments and develop a minimally invasive transplantation method of cell sheets. Clinical application of ASC sheet transplantation for DN patients is foreseen.
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